We hypothesized that the thermal stability of Moloney murine leukaemia virus reverse transcriptase (MMLV RT) will increase with increases in its ability to bind with a template-primer (T/P). To test this hypothesis, we introduced positive charges into MMLV RT by site-directed mutagensis at positions that have been implicated in the interaction with T/P. Thirty-six variants were constructed in which one of twelve residues (Glu69, Gln84, Asp108, Asp114, Glu117, Glu123, Asp124, Glu286, Glu302, Trp313, Leu435, and Asn454) was replaced with Lys, Arg, or Ala, and these were expressed in Escherichia coli. In about half of these 36 variants, thermal inactivation at 50ºC was reduced in the presence of the T/P, which suggested that this strategy was effective at stabilizing MMLV RT. We next combined three of the 36 mutations, Glu286→Ala, Glu302→Lys, and Leu435→Arg, and the mutation, Asp524→Ala, which is known to abolish the RNase H activity and increase the stability.
Introduction
Reverse transcriptase (RT) [EC 2.7.7 .49], the enzyme responsible for viral genome replication, possesses RNA-and DNA-dependent DNA polymerase as well as RNase H activities (Temin and Mizutani, 1975; Baltimore, 1975) . Due to their high catalytic activity and fidelity (Roberts et al., 1988) , RTs from Moloney murine leukaemia virus (MMLV) and avian myeloblastosis virus (AMV) are the most extensively used in conventional cDNA synthesis (Kimmel and Berger, 1987) . They are also used in RNA-specific amplification, which is an isothermal reaction (41-43ºC) that specifically amplifies a target RNA sequence, with RNA polymerase (Kievits et al., 1991; Ishiguro et al., 2003) . The MMLV RT is a 75-kDa monomer, whereas AMV RT is a heterodimer consisting of a 63-kDa α subunit and a 95-kDa β subunit. Structurally, MMLV RT is comprised of the fingers, palm, thumb, connection, and RNase H domains (Georgiadis et al., 1995; Das and Georgiadis., 2004; Lim et al., 2006; Cote et al., 2008) . This nomenclature, which was originally used in HIV-1 RT (Khlstaedt et al., 1992) , is based on the resemblance to a right hand. The α subunit of AMV RT is also comprised of these five domains, while the β subunit consists of these five domains as well as the C-terminal integrase domain (Bieth and Darlix, 1991) . The active site of the DNA polymerase reaction resides in the fingers/palm/thumb domain, while that of RNase H reaction lies in the RNase H domain.
Thermal stability of DNA polymerases is important for their wide-range practical use.
For cDNA synthesis and RNA-specific amplification procedures, an elevated reaction temperature is highly desirable because it reduces RNA secondary structure and nonspecific binding of the primer. Thermostable DNA-dependent DNA polymerases that are currently used in the polymerase chain reaction (PCR), such as the one isolated from Thermus aquaticus (Taq) (Chien et al., 1976) , retain activity even after the incubation at >90ºC.
However, unlike DNA polymerases, RT activity is not thermally stable. For example, the initial reverse transcription activities of MMLV RT and AMV RT are reduced by 50% at 44 and 47ºC, respectively, during a 10-min incubation (Yasukawa et al., 2008) . Thermal stability of RT has been markedly improved by eliminating its RNase H activity (Berger et al., 1983; Gerard et al., 2002) , resulting in an increase in reaction temperature from 37ºC to higher than 42ºC (Aresi and Hogrefe, 2009) . However, RNase H-minus RT cannot be used in an RNA-specific amplification reaction because this procedure requires both DNA polymerase and RNase H activities. Therefore, the RNA-specific amplification reaction must still be performed at low temperatures around 41 to 43ºC (Masuda et al., 2004; Yasukawa et al., 2010a) . Considering that RNA is stable up to 65ºC, further stabilization of RT would be desirable for cDNA synthesis. Improvement in the thermal stabilities of AMV RT and MMLV RT is therefore still an important goal.
The purpose of the present study was to increase the thermal stability of MMLV RT.
We hypothesized that the thermal stability will increase if the binding ability of MMLV RT toward the template-primer (T/P) could be increased. Based on this hypothesis, we introduced positive charges into MMLV RT by site-directed mutagenesis at positions that have been implicated in the interaction with T/P. Two highly stable variants, E286R/E302K/L435R and E286R/E302K/L435R/D524A, were generated.
Materials and methods

Materials
p(dT) 15 was purchased from Life Technologies Japan Ltd. (Tokyo, Japan).
[methyl-
3 H]dTTP (1.52 TBq/mmol) and poly(rA) were purchased from GE Healthcare (Buckinghamshire, UK). The glass filter GF/C 2.5 cm is a product of Whatman (Middlesex, UK). RT concentration was determined as according to the method of Bradford (Bradford, 1976) using Protein Assay CBB Solution (Nacalai Tesque, Kyoto, Japan) with bovine serum albumin (Nacalai Tesque) as a standard. Standard RNA, which was an RNA of 1014-nucleotides corresponding to DNA sequence 8353-9366 of the cesA gene of Bacillus cereus (GenBank accession number DQ360825), was prepared by in vitro transcription. (Yasukawa et al., 2010a) .
Bacterial strains, plasmids and transformation
) gal dcm (DE3)] cells were used.
pET-MRT is an expression plasmid for the wild-type MMLV (Yasukawa et al., 2008 ).
Site-directed mutagenesis was carried out using a Quikchange TM site-directed mutagenesis kit (Stratagene, La Jolla, CA). The nucleotide sequences of mutated MMLV RT genes were verified by a Shimadzu DNA sequencer DSQ-2000 (Kyoto, Japan). BL21(DE3) cells were transformed with each of the resulted plasmids and cultured in L broth. Ampicillin was used at the concentration of 50 µg/ml.
Expression and purification of MMLV RT
Three ml of L broth containing 50 µg ml -1 ampicillin was inoculated with the glycerol stock of the transformed BL21(DE3) and incubated for 16 h with shaking at 30ºC. The expression of the RT gene was induced by the autoinduction system (Novagen, Darmstadt, Germany). MMLV RT was purified from culture medium using HisLink Spin Protein Purification System (Promega, Madison, WI). Briefly, the bacterial cells were disrupted by FastBreak Cell Lysis Reagent, followed by addition of HisLink Protein Purification Resin to the culture. The samples were then transferred to HisLink Spin Column where unbound protein was washed away. MMLV RT was recovered by the elution with 0.2 ml of 100 mM HEPES-NaOH (pH 7.5), 500 mM imidazole. To the eluted solution, 80% saturated ammonium sulfate solution was added for a final concentration to be 40% saturation. After centrifugation (20,000×g, 20 min), the precipitate was dissolved in 0.5 mM HEPES-NaOH (pH 7.5) and then dialyzed against 20 mM potassium phosphate (pH 7.2), 2 mM DTT, 0.2%
Triton X-100, 50% glycerol. MMLV RT thus purified was stored at -80ºC before use.
SDS-PAGE
SDS-PAGE was performed in a 10% polyacrylamide gel under reducing conditions according to the method of Laemmli (Laemmli, 1970 (Sakoda and Hiromi, 1976 ).
Irreversible thermal inactivation of MMLV RT
MMLV RT (100 nM) in 10 mM potassium phosphate (pH 7.6), 2 mM DTT, 0.2%(v/v) Triton X-100, 10%(v/v) glycerol was incubated in the presence of 28 µM poly(rA)-p(dT) 15 at 50ºC for 15 min followed by the incubation on ice for 30-60 min. The remaining activity of the RT toward the incorporation of dTTP into poly(rA)-p(dT) 15 was determined at 37°C as described above.
Thermodynamic analysis of irreversible thermal inactivation
Assuming that the thermal inactivation reaction of RT is irreversible and consists of only one step, the first-order rate constant, k obs , of the thermal inactivation was evaluated by plotting logarithmic values of the residual activity against the time of heat treatment according to Eq. 1.
where A is the constant term, and B is the relative activity (%) defined as the ratio of the initial reaction rate at a time for the thermal incubation (= t) to that without the incubation.
The activation energy, E a , for the thermal inactivation was determined from an Arrhenius plot according to Eq. 2.
where A, R, and T are the constant term, the gas constant (= 8.314 J K -1 mol -1 ), and absolute temperature in degrees Kelvin. T 50 was estimated by Arrhenius plot as the temperature at which the k obs value gives the remaining activity of 50% at 10 min according to Eq. 1.
Measurement of the RT activity for cDNA synthesis
The reaction mixture (20 µl) was prepared by mixing water ( and 72ºC for 30 s. The amplified products were separated on 1.0% agarose gels and stained with ethidium bromide (1 µg/ml). The nucleotide sequences of the primers are shown in Table 1 .
Results
Design of mutations
Our strategy for increasing the thermal stability of MMLV RT was to increase its binding ability toward the template-primer (T/P) by introducing positive charges into MMLV RT by site-directed mutagenesis at the positions that have previously been implicated in the interaction with T/P. The T/P has phosphate groups and is negatively charged. Based on the crystal structure of the fingers, palm, thumb, and connection domains (Thr24-Pro474) of MMLV RT (Das and Georgiadis, 2004) , we selected the following 12 residues to be mutated. In the fingers domain (i.e., Thr24-Asp124 and Phe156-Ser195), polypeptide regions Ser60-Gln84, Asn95-Asp124, Phe156-Cys157, and Gln190-Asn194 are located at the surface which interacts with T/P. We thus selected six negatively charged residues (Glu69, Asp108, Asp114 Glu117, Glu123, and Asp124). We also selected Gln84 because site-directed mutagenesis study has identified that Gln84 interacted with T/P (Liu et al., 2006) . In the palm domain (i.e., Ile125-Phe155 and Pro196-Glu275), polypeptide regions Ile125-Phe155, Leu220-Glu233, and Lys257-Glu275 are located at the surface which interacts with T/P. However, we did not select any residues because this domain contains the catalytically important residues, Asp224 and Asp225, and mutation might affect their geometries. In the thumb domain (i.e., Gly276-Leu359), residues in polypeptide regions Leu280-Thr287, Arg301-Leu333, and Ala354-Leu359 are located at the surface which interacts with T/P. We selected two negatively charged residues (Glu286 and Glu302).
We also selected Trp313 because random mutagenesis studies have identified the mutation Trp313→Phe to increase the stability of MMLV RT (Arezi and Hogrefe, 2009 ). In the connection domain (i.e., Pro360-Asp468), polypeptide regions Pro360-Lys373, Tyr394-Ala436, and Ser453-Ala462 are located at the surface which interacts with T/P. We selected two residues (Leu435 and Asn454) because random mutagenesis studies have identified the mutations Leu435→Gly, and Asn454→Met to increase the stability of MMLV RT (Arezi and Hogrefe, 2009) , while that of Leu435→Lys was identified as improving the solubility of MMLV RT (Das and Geordiadis, 2001) . Figure 1 shows the locations of these 12 residues in MMLV RT. Each of these was changed either to one of the two positively charged amino acids (Lys and Arg) or to an uncharged one (Ala).
Activities and stabilities of single MMLV RT variants
The 36 variants were expressed in E. coli and purified. An RNase H activity-deficient and a stable variant D524A (Gerard et al., 2002; Mizuno et al., 2010) were also prepared.
Following SDS-PAGE under reducing conditions, purified WT and variants yielded a single band with a molecular mass of 75 kDa ( Figs. 2A-C) . The yields of the purified enzymes from 0.7 ml of culture were in the range of 20-74 µg, which were comparable to that of the WT (56 µg). UV absorption spectra of the purified enzymes exhibited the typical UV absorption spectrum of purified protein with a deep trough at about 250 nm and a peak at 275 nm (data not shown). The ratios of the absorbance at 280 nm (A 280 ) to A 260 of the purified enzymes were in the range of 1.8 to 1.9, indicating that they hardly contained nucleic acids. Table 2 shows the specific activities of the reverse transcription reaction for the WT, D524A, and the 36 variants. The specific activity of WT was 70,000 units/mg. All variants can be classified into three groups: (1) The specific activity of D114R was zero; (2) The specific activities of D108K, D108R, D114K, W313K, and W313R were 10-20% of that of WT; and (3) The specific activities of the other 30 variants and D524A were 40-120% of that of WT. Table 2 also shows the initial reaction rates before and after heat treatment of the WT, D524A, and all single variants (except for the inactive D114R). Relative activity was defined as the ratio of the initial reaction rate for a 15-min incubation at 50ºC in the presence of T/P to the rate without incubation. The relative activities of WT and D524A were 1.4 and 14%, respectively, which agreed well with those reported in our previous studies (Yasukawa et al., 2008; Mizuno et al., 2010) . The relative activity of Q84K was zero, indicating that Q84K was less stable than the WT. The relative activities of the 18 variants (E69A, E69R, D108A, D108K, D108R, E117A, D124K, D124R, E286A, E286K, E286R, E302A, E302K, W313K, W313R, L435A, L435R, and N454R) were in the range of 6-24%, which was substantially higher than that of WT (1.4%). Of these 18, E302K exhibited the highest relative activity (24%), followed by six other variants (E69R, D124K, D124R, E286K, E286R, and L435R) (13-18%).
Activities and stabilities of multiple variants of MMLV RT
To generate highly stable MMLV RT variants, we selected Glu286→Arg, Glu302→Lys, and Leu435→Arg as the mutations to be combined. Glu69→Arg, Asp124→Lys, and Asp124→Arg were not chosen because they decreased the specific activity to 77, 66, and 64%, respectively, of that of WT ( Table 2 ). The RNase H activity-eliminating and stabilizing mutation, Asp524→Ala, was also included in the combination. The resulting triple variant E286R/E302K/L435R and the quadruple variant E286R/E302K/L435R/D524A were expressed in E. coli and purified. Upon SDS-PAGE under reducing conditions, purified variants yielded a single band with a molecular mass of 75 kDa (Fig. 2D) . From 200 ml of cultures, we obtained yields of purified triple and quadruple variant proteins of 410 and 390 µg, respectively. Table 3 shows the activities and stabilities of the triple and quintuple variant proteins.
Their specific activities were 70% of that of WT. Their relative activities after the thermal incubation treatment at 50°C for 15 min were higher than those of WT and D524A, both in the absence and presence of the T/P, indicating that these variant proteins were more stable than the WT and D524A. Figure 3 shows the initial reaction rates for 5 nM RT at various T/P concentrations (0-25 µM) at 37ºC. A saturation profile was obtained for Michaelis-Menten kinetics, and the K m and k cat values were separately determined ( 
Steady-state kinetic analysis
Irreversible thermal inactivation of RT
The remaining reverse transcription activities of WT and the variants were determined at 37ºC after thermal treatment in the presence of the T/P. The WT and D524A RTs were treated at 48-52ºC, while the multiple variant RTs were treated at 52-58ºC. The natural logarithm of the remaining activity plotted against the incubation time gave linear relationships at 52ºC (Fig. 4A ) and at all other temperatures examined (data not shown), indicating that the inactivation followed pseudo-first-order kinetics. The relative activity of WT decreased to less than 10% at 5 min. The relative activity of D524A decreased more slowly than did WT, but decreased to 20% at 5 min. The relative activities of the triple and quadruple variants decreased only slightly, indicating that they were much more stable than WT and D524A. Figure 4B shows an Arrhenius plot of k obs of the thermal inactivation of RT in the presence of the T/P. The natural logarithm of k obs and 1/T showed a linear relationship. The temperatures required to reduce initial activity by 50% over a 10-min incubation (T 50 ) were 45, 48, 54, and 56ºC for the WT, D524A, the triple variant, and the quadruple variant, respectively, as estimated from the Arrhenius plot, indicating that the stabilities were in the order of the quadruple variant > the triple variant > D524A > WT. The activation energies (E a ) of thermal inactivation of WT, D524A, the triple variant, and the quadruple variant, as calculated from the slope, showed a close similarity at 241 ± 46, 279 ± 15, 298 ± 42, and 322 ± 22 kJ mol -1 , respectively.
RT-catalyzed cDNA synthesis
The cDNA synthesis reaction was carried out with WT and the variants at 44-64°C.
The reaction product was subjected to PCR, followed by agarose gel electrophoresis, to determine the rate of cDNA synthesis at specific temperatures (Fig. 5 ). The highest temperatures at which cDNA synthesis occurred were 54, 56, 60, and 60°C, for the WT, D524A, the triple variant, and the quadruple variant, respectively. This indicated stability in the order of the triple and quadruple variants > D524A > WT.
Discussion
Stability of MMLV RT following introduction of positive charges by site-directed mutagenesis
Our hypothesis that the thermal stability of MMLV RT increases when binding ability for the template-primer (T/P) increases is based on the evidence that T/P increases the thermal stabilities of MMLV RT and AMV RT (Gerard et al., 2002; Yasukawa et al., 2008) .
A number of variants exhibited higher stability than WT (Table 2) ; some exhibited even higher stability than D524A, a known stable variant. Therefore, our strategy appeared to be effective for stabilizing MMLV RT. However, mutations at Asp108 or Asp114 decreased the activity, while those at Gln84 decreased the stability. In the fingers domain of MMLV RT (i.e., Thr24-Asp124 and Phe156-Ser195), the Lys103, Arg110, and Arg116 are conserved in HIV-1 RT, AMV RT, and the Klenow fragment, and are thought to provide the binding site for T/P (Chowdhury et al., 1996) . We speculate that mutations at Gln84, Asp108, or Asp114 affected the geometries of the regions around Lys103, Arg110, or Arg116, resulting in decreased activity or stability.
Affinity of MMLV RT for T/P following introduction of positive charges by site-directed mutagenesis
The relative activities of the triple (E286R/E302K/L435R) and quadruple (E286R/E302K/L435R/D524A) variants were higher in the presence of T/P than in its absence (Table 3 ). The K m values for T/P of the triple and quadruple variants were 20-30%
of that of WT (Table 4) . Thus, the affinities of the triple and quadruple variants for T/P were apparently higher than WT affinity. However, even in the absence of the T/P, the relative activities of the triple and quadruple variants were higher than that of WT (Table 3 ). This suggests that the increased stability of the triple and quadruple variants resulted from an increased affinity for T/P and also an increased intrinsic stability.
It was recently reported that five stabilizing mutations (Glu69→Lys, Glu302→Arg, Trp313→Phe, Leu435→Gly, and Asn454→Lys) were developed by random mutagenesis, and that a highly stable multiple variant E69K/E302R/W313F/L435G/N454K (M5) was generated (Arezi and Hogrefe, 2009 ). Some of the substituted residues in M5 (Glu302 and Leu435) are overlapped with the triple and quadruple variants presented in this study.
Interestingly, M5 was stabilized in the presence of the T/P, but not in its absence (Arezi and Hogrefe, 2009 ). This suggests that unlike the triple and quadruple variants, the increased stability of M5 resulted from an increased affinity for T/P, but not from an increased intrinsic stability. We speculate that the mechanism of stabilization of M5 is different from that of the triple and quadruple variants, although both in M5 and the triple and quadruple variants, the number of negatively charged residues (Asp and Glu) decreased by two, and the number of positively charged residues (Lys and Arg) increased by three compared to WT.
Stability of MMLV RT by the combined stabilizing mutations, Glu286→Arg,
Glu302→Lys, and Leu435→Arg
Site-directed mutagenesis and/or random mutations have been extensively performed for a number of enzymes, and mutations have been identified that confer desirable properties to the enzymes. When the effects of these mutations are additive, a variant enzyme with multiple mutations would be expected to show more desirable properties.
According to a summary of characterization of about 700 variants of phage T4 lysozyme, various kinds of effective stabilizing processes can occur, such as S-S bridges, salt-bridge interactions, metal binding, and hydrophobic stabilization. If the mutated sites are on the molecular surfaces that are not in contact, the stabilizing effects will be additive (Basse et al., 2010) . On the other hand, a compromise between activity and stability is generally recognized in various enzymes: mutations that increase enzyme activity also decrease protein stability, while those that increase protein stability decrease enzyme activity (Yutani et al., 1987; Shoichet et al., 1995; Arnorsdottir et al., 2007; Yasukawa and Inouye, 2007; Kusano et al., 2009 Kusano et al., , 2010 . In addition, predicting the effect of mutational combination on enzyme properties is not a simple matter.
The relative activity of WT was 1.4% in the presence of T/P ( Table 2) . The individual mutations, Glu286→Arg, Glu302→Lys, Leu435→Arg, and Asp524→Ala, increased this to 15, 24, 18, and 14%, respectively (Table 2) . When the first three mutations were combined, the relative activity increased to 82%; while combination of all four mutations increased it to 101% (Table 3) , indicating an additive effect of these mutations on stability. On the other hand, the combination of Glu286→Arg, Glu302→Lys, and Leu435→Arg decreased the specific activity to 67-69% of that of WT, although each individual mutation did not (Table   2 ). In this case, the stabilizing effects of the mutations were additive, but the combination resulted in a slight decrease in activity.
cDNA synthesis by the highly stable multiple variants
The triple and quadruple variants exhibited cDNA synthesis activity at a highest temperature of 60ºC, which was higher than that seen for WT (54ºC) or D524A (56ºC) (Fig.   5 ). These variants may therefore be useful for cDNA synthesis reactions. The degree of stability was similar to that reported previously for the stable MMLV RT variant E69K/E302R/W313F/L435G/N454K/D524N (Arezi and Hogrefe, 2009 ).
We previously examined the effects of organic solvents on cDNA synthesis catalyzed by MMLV RT, and showed that glycerol increased the thermal stability of MMLV RT and AMV RT (Yasukawa et al., 2010b) . Like glycerol, the disaccharide trehalose increases the thermal stability of MMLV RT (Carninci et al., 1998) . Glycerol and trehalose are widely used in the storage of thermolabile enzymes. However, the theory underlying thermal stabilization by sugars such as glycerol and trehalose has not yet been established. Whether glycerol and trehalose can further increase the thermal stabilities of our triple and quadruple variants will be the subject of our next investigations. In regard of this, it was recently reported that the stable MMLV RT variant, E69K/E302R/W313F/L435G/N454K, is highly resistant to common RT-PCR inhibitors including guanidine, thiocyanate, ethanol, formamide, ethylenediaminetetraacetic acid (EDTA), and plant-related acidic polysaccharides (Arezi et al., 2010 ).
In conclusion, two highly stable MMLV RT variants, E286R/E302K/L435R and E286R/E302K/L435R/D524A, were generated by combining various stabilizing mutations.
These multiple variants, as well as others previously reported, might be useful not only for elucidating the structure-function relationship of MMLV RT but also in research and diagnostic applications involving cDNA synthesis and RNA-specific amplification.
stability on hydrophobicity of the amino acid residue in a series of variant proteins substituted at a unique position of tryptophan synthase α subunit. Proc. Natl. Acad. Sci.
USA 84, 4441-4444. E286R/E302K/L435R/D524A (closed triangle), 322 ± 22 kJ mol -1 .
Figure legends
Fig. 5.
Dependence on reaction temperature of cDNA synthesis. cDNA synthesis was carried out with 1.6 pg cesA RNA, 0.2 µM RV-R26 primer, and 10 nM RT at 44-64ºC for 30 min. PCR was carried out with a primer combination of RV and F5. Amplified products were applied to 1% agarose gel followed by staining with ethidium bromide (1 µg/ml). Numbers in parentheses indicate the relative activity, which is defined as the ratio of the initial reaction rate with incubation to that without incubation. f Numbers in parentheses indicate the relative activity, which is defined as the ratio of the initial reaction rate with incubation to that without incubation. 
